Intensity of the geomagnetic field during the Archaean can potentially be used to study an evolution of the dynamo activity in the Earth's core. In order to investigate this issue, we present new palaeomagnetic and geochronological results from the dolerite dyke, which have been intruded into the Archaean Gneisses of Nuuk area, southwest Greenland. 40 Ar/ 39 Ar dating of the pyroxene grains from dolerite yield an age of 2585 ± 21 Ma. The high temperature component, which has been recognized as a characteristic direction, is identified in 24 dolerite samples. Comparison of the palaeomagnetic directions from dolerite dykes with those from host gneisses suggests a primary origin for this component. Magnetic mineralogical and grain size investigations revealed a pseudo-single domain magnetite as a dominant career of magnetization. Thellier palaeointensity determinations of 14 dolerite specimens yield a mean field value of 13.9 ± 2.5 μT. Strength of the virtual dipole moment (2.30 ± 0.42 × 10 22 Am 2 ) obtained from this study is about one quarter of the present Earth's filed value. A simulation based numerical model of the Thellier experiments suggests that the presence of multidomain grains can play a role in enhancing the strength of palaeointensity. Even after taking in to account the effects of multidomain grains, an intensity value (13.9 μT) from this study suggests that the strength of geomagnetic field at about 2.6 Ga was much lower than that of the present time.
I N T RO D U C T I O N
Palaeointensity of the geomagnetic field during the Archaean and Proterozoic have been recognized as a key to improve our knowledge about the formation of the inner core and the start of geo-dynamo. Using the parameters and calculations from the Earth's thermal history (e.g. Stevenson et al. 1983; Breuer & Spohn 1995) it has been suggested that growth of the inner core during the early days of the Earth's history have instigated the process of geo-dynamo. First compilation of the palaeointensity data from the Archaean and Proterozoic by Hale (1987) was interpreted as being consistent with sharp increase in the geomagnetic intensity at about 2.7 Ga; however, some of these data are still questionable in terms of their age and/or palaeomagnetic reliability criteria. Although, some new palaeointensity data have been added (e.g. Smirnov et al. 2003; Macouin et al. 2006) and some have been reinvestigated (Yoshi- Figure 1 . Simplified geological map of southwest Greenland after Friend et al. (1996) . An open circle indicates our sampling locality. Granitic dyke with age of 2712 Ma (Friend et al. 1996 ) is indicated by a triangle. A square sign indicate another doleritic dyke of 2752 Ma age (Morimoto et al. 1997). independently evolved crustal terranes at about 2720 Ma (Friend et al. 1988 (Friend et al. , 1996 . From northwest to southeast, these terranes are classified as: the predominant late Archaean Akia Terrane; the Akulleq Terrane (containing both the early and late Archaean rocks); and the late Archaean Tasiusarsuaq Terrane (Fig. 1) .
The basic dykes, collectively named as a metadolerite (MD) dyke swarm , are abundant in the Archaean craton of southwest Greenland. Major dolerite swarms were emplaced into the Archaean gneisses after the end of plutonic activity (at about 2700-2500 Ma), which is much earlier than the time assigned to the development of Ketilidian mobile belt at about 1850 Ma (Nielsen 1985) . An isochron (Rb-Sr) age of 2130 Ma has also been reported from a dyke in southwestern part of the craton (Kalsbeek & Taylor 1985) . Many of these dykes are 20-100 m wide and up to several tens of kilometres long.
Although, these dykes in the Nuuk area have been named as MD dykes, most of them are well preserved without any obvious metamorphic signature. K-Ar age of 2752 Ma has been reported from a dyke in the Nuuk town (Morimoto et al. 1997) . Field observation of another dyke, which is located at about 15 km south of the Nuuk town on a small island of Angissungaq, shows clear signs of being intruded into the host gneisses (Fig. 1 ). This dyke (up to 3.5 km long), which has penetrated the host rock at a boundary between the Akila and Akulleq terranes, generally follow an east-west trending attitude.
Dolerite samples oriented with sun compass were drill-cored at two sites. These sites are located at 5 m distance from each other along the contact zone with host rocks. More than 17 samples were drilled from each site. Three large block samples oriented with magnetic compass were also collected for palaeomagnetic study. Slightly away from the contact zone, several block samples were collected for geo-chronological investigations.
In order to carry out baked contact test, samples were collected from the host rocks (gneisses) at three different localities, that is, two sites (GP83, GP84) from the contact zone; one (GP86) at 5 m from the contact zone, and another (GP 85) at 16 m from the contact zone.
G E O C H RO N O L O G Y
We have carried out 40 Ar/ 39 Ar dating of the samples with abundant plagioclase and clinopyroxene grains.
Sample description
Very fresh dolerite sample (GP-80) was selected for geochronological investigations. This sample, which is composed of plagioclase, clinopyroxene and olivine/opaque minerals, shows a typical ophitic texture with medium grain size (ca. 1.2 mm). Although, the studied sample looked quite fresh, weak secondary alteration has been found under microscopic observation that in turn produced small amount of chlorite, biotite and clay minerals. In some plagioclase grains, this secondary alteration is recognized by pale-brown smoky colour, particularly in the core part.
Sample preparation for geochronological study
About 1-cm-thick slices of dolerite sample were prepared for geochronological investigations. In order to avoid contaminations from wall rocks or xenoliths, rock-cutter was used for sample preparation. Dried sample was then crushed and sieved in a #20-40 and #150-200 mesh size. Plagioclase and clinopyroxene grains were separated by magnetic separator. Following this, purifications and final selections of grains were made through hand-picking under the binocular microscope.
3.3
40 Ar/ 39 Ar age analyses 40 Ar/ 39 Ar dating of the individual plagioclase and clinopyroxene grains was carried out using the step-heating method. This method was applied to four clinopyroxene and two plagioclase crystals of about 0.5 mm in size. Each crystal was placed in a hole (2 mm) drilled on aluminum tray together with standard age sample (3 gr hornblende; Roddick 1983) . Additionally, calcium (CaSi 2 ) and potassium salts (synthetic KAlSi 3 O 8 glass) were also placed on tray for Ca and K corrections. Subsequently, the tray was vacuum-sealed in a quartz tube. Samples were then exposed to Neutron radiation for 8 hours in the core of 3 MW Research Reactor of Kyoto University (KUR) using the hydraulic rabbit facility (sample-capsule transferring system with hydraulic pressure). The fastest neutron flux density was 3.9 × 10 13 n cm -2 s, which is confirmed to have been stayed uniform in the dimension of the sample holder (diameter 16 mm × height 15 mm), as little variation in the J -value of evenly spaced age standards has been observed (Hyodo et al. 1999 ). An averaged J -value and correction factors for potassium and calcium are J = 0.0041759 ± 0.0000201 ( 40 Ar/ 39 Ar) K = 0.0186 ± 0.0035, ( 36 Ar/ 37 Ar) Ca = 0.000260 ± 0.000014 and ( 39 Ar/ 37 Ar) Ca = 0.000716 ± 0.000016, respectively.
Each crystal was analysed by stepwise-heating technique using the 5 W continuous argon ion laser. Following this procedure, crystals were heated under the defocused laser beam at a given temperature for 30 s. The sample temperature was monitored by an infrared thermometer, which have a precision of 3
• C within an area of 0.3 mm diameter (Hyodo et al. 1995 ). An extracted gas was purified with a SAES Zr-Al getter (St 101), which has been kept at 400 • C for 5 min. Argon isotopes were then measured using a custommade high-resolution mass spectrometer [(M/ M) > 400], which allow separation of the hydrocarbon peaks with the exception of mass 36 (Hyodo et al. 1994 As shown in Fig. 2 (a typical result of sample CPX01), and listed in Table 1 , an age related spectra of four clinopyroxene grains is characterized by saddle-shape graphs. An apparent-age spectra drops from 7.0 Ga (step 1) to ca. 2.6 Ga (step 4), and climbs again up to 3.9 Ga (Step 9). The lowermost four steps of age spectrum exhibit a laugh plateau age of 2585 ± 21 Ma, which hold 44 per cent of the total 39 Ar released. In these steps, the ratio of at youngest age show stable values around ca. 3 for all four grains, indicating an occurrence of degassing from the same mineral phase in clinopyroxenes. Whilst, the low-and high-temperature phases in the apparent-age spectra are attributed to the release of excessive argon from clinopyroxene, it looks hard to determine geologically meaningful ages from these results. However, the following three positive facts should be noted in this regard: (1) rocks are fairly fresh with only minor alterations; (2) convergence is observed in the saddle age and (3) stable values are obtained at youngest age level (due to gas released from the same mineral phase in clinopyroxene). These points characterize the convergent related values as a valid age for the studied dyke. Lee et al. (1990) have reported almost similar type of convergence in the pyroxene grains extracted from mafic dykes of the Kapuskasing Structural Zone, Canada. They have recovered a dyke intrusion age from the baked contact test, which is in good agreement with the saddle bottom age of the 40 Ar/ 39 Ar spectra. Thus, an integrated age of 2585 ± 21 Ma, which we obtained from the largest fraction (CPX01) of four grains, is assigned to be the best estimated age for the studied dolerite dyke.
Comparable age of ca. 2752 ± 63 Ma has also been reported from a dyke swarms located close to the study area (Morimoto et al. 1997) , which further support this apparent age of 2585 ± 21 Ma as a time for dyke intrusion.
PA L A E O M A G N E T I S M
Six to fourteen cores were drilled from each block sample in the palaeomagnetic laboratory of Kobe University. Cores were further sliced in to specimens of 2.5 cm height. Natural remanent magnetizations (NRMs) were measured by spinner magnetometer. More than 50 specimens were thermally demagnetized in 15 heating steps up to 600
• C. Stepwise alternating field demagnetization (AFD) method was also applied to several specimens. Components of magnetizations were estimated by principal component analysis (Kirschvink 1980) .
In case of dolerite dyke, stable high-temperature component is isolated after removing low-temperature component by 400
• C (Fig. 4a ). This high-temperature component, which has been unblocked by 580
• C, is recognized as a characteristic remanent magnetization (ChRM). Almost similar trend of this component is identified by AFD method above 20 mT (Fig. 4b) . We have successfully obtained ChRM direction from 24 specimens. Fairly small MAD values obtained from these samples (between 2.2
• and 6.3 • ) indicate a straight line like behaviour in the demagnetization curves. As shown in the Fig. 4 (c), mean direction of the ChRM component is obtained as D = 253.0
, which is obviously different from the present-day geomagnetic field. Fairly small value of α 95 indicates an appropriate magnetic cleaning.
In case of host gneisses, stable demagnetization behaviour is observed in the samples of those two sites (GP85 and GP86), which are located at 16 and 5 m from the contact zone, respectively (Fig. 5) . A high-temperature component (recognized as a ChRM) is identified above 400
• C, and is unblocked at about 580 • C. This component is successfully isolated from 16 specimens (eight each from GP85 and GP86). Slight difference in directional behaviour between these two sites may be due to the influence of dolerite intrusion (Fig. 6 ). Directions obtained from site GP86 (located at 5 m from the contact zone) and the dolerite dyke are somewhat closer to each other as compared to that of site GP85 (at 16 m from the contact zone), indicating a positive backed contact test. However, all 16 samples have been used for the calculation of gneiss's mean direction, since • , I = 64.0
• and α 95 = 2.4
• ) show a significant difference (by 12.7
• ± 3.1 • ) with that from dolerite dyke (Fig. 6c ). This mean direction from host rocks is quite similar to those previously reported (Fahrig & Bridgewater 1976; Morimoto et al. 1997 ) from the Archaean gneiss complex, around the Nuuk town ( Fig. 6c and Table 2 ). Locations of previous studies are situated in the Akia Terrane, which is about 15 km from this study area (Akulleq Terrane). Agreement in palaeomagnetic directions from such a broad area suggests that single geological event seems to have instigated the acquisition of secondary magnetization in the gneisses of both these terranes. Friend et al. (1996) have recognized a high-grade metamorphic event at ∼2720 Ma using the SHRIMP U-Pb zircon geochronology, which seems to be the most likely cause of remagnetization in these terranes.
In contrast, palaeomagnetic direction from the dolerite dyke (this study) is not in agreement with previously reported direction of the dolerite dyke from Nuuk Town (Fig. 7 , Morimoto et al. 1997) . A significant difference of 12.0
• ± 5.1
• between these two sets of directions suggest an acquisition of magnetizations by two separate geological events. These two sets of directions from dolerite dykes are obviously different from that of the host gneisses (Fig. 7) . Magnetization of the dolerite dykes appears to have been acquired after the overprinting event in the host gneisses, which we believe is primary in origin (acquired at the time of dyke intrusions), Morimoto et al. (1997) has also ascertained an intrusion related magnetization to dolerite dyke using the results of baked contact test.
Gneiss specimens from the contact zone (seven specimens from sites GP83 and GP84) showed fairly different behaviour during the demagnetization procedure. An initial NRM intensity (10 −9 to 10 −8 Am 2 ) is relatively smaller than that of the host gneisses (10 to 10 −7 Am 2 ). The high-temperature component appeared between 400 and 580
• C (Fig. 8 ). However, due to very weak NRM intensity and unstable demagnetization behaviour, the ChRM component could not be isolated by principal component analysis. We recognized a measured direction after 520
• C demagnetization as a characteristic of high-temperature component and compared the direction with that after some lower temperature demagnetizations (Fig. 9) . As evident from equal-area projections, both low and hightemperature components show divergent directional behaviour, indicating the removal of secondary magnetization component to some extent. Palaeomagnetic directions of the high-temperature component after 520
• C are distributed around the mean direction of the (a) palaeomagnetic directions from site GP85 which is at a distance of 16 m from the contact zone; (b) palaeomagnetic directions from site GP86 which is located at about 5 m from the contact zone and (c) comparison of mean palaeomagnetic direction obtained from 16 samples (sites GP85 and GP86) with those reported from Nuuk gneisses by Morimoto et al. (1997) and Fahrig & Bridgewater (1976) . Mean direction of the dolerite dyke is also plotted with 95 per cent confidence circle. All projections are on lower hemisphere. Star sign indicate data from this study. (Morimoto et al. 1997) 225.9 55.2 -4.8 Gneiss (Fahrig & Bridgewater 1976) 41 225.0 60.0 57 7.5
Note: N, number of samples; k value of Morimoto et al. (1997) have not been reported.
intrusive rocks (Fig. 9d ). This type of behaviour from the contact zone implies an acquisition of this component at the time of dolerite intrusion.
RO C K M A G N E T I C E X P E R I M E N T S
In order to evaluate suitability of the collected samples for palaeointensity determinations, rock magnetic experiments were conducted.
Stepwise IRM acquisition and thermal demagnetization of the composite IRMs acquired along three perpendicular axes (Lowrie 1990) were performed on four representative samples. IRM acquisition experiments show a complete saturation by 300 mT, indicating the dominant presence of low-coercivity magnetic minerals (Figs 10a  and b) . Thermal demagnetization of the composite IRMs indicates the dominant presence of low-coercivity magnetic minerals with unblocking temperature around 580
• C (Figs 10c and d) . The high and medium co-ercivity fractions are almost absent.
Low field thermomagnetic analyses (K-T) were performed in air on four representative specimens using the MS2 Bartington metre (Figs 10e and f) . Four other specimens were subjected to high field (Js-T) thermomagnetic analyses in helium atmosphere using the Curie Balance (Figs 10g and h ). High field thermomagnetic experiments yield a reversible heating and cooling curves, indicating that no mineralogical changes has occurred during the heating phase. Although the low-field thermomagnetic analyses were performed in air, no significant difference is observed between the heating and cooling curves. Both types of experiments show a Curie point between 565 and 580
• C. Rock magnetic experiments indicate titanium-poor titanomagnetite as a dominant magnetic mineral.
As a typical example (Fig. 11) , hysterisis parameters were determined for four samples using the vibrating sample magnetometer. Almost similar result is obtained from all these samples. Fig. 11(b) show a display of hysteresis parameters on a Day Plot (Day et al. 1977) , where the presence of pseudo-single domain (PSD) grains with well-clustered hysteresis properties are clearly indicated.
In order to provide further support to our interpretation, thin section microscopic observations were conducted on dolerite dyke ( Fig. 12) , which indicate no sign of alteration. Texture of the grains show that some of the magnetite grains seem to have formed in biotite after its crystallization. However, these grains cannot be considered as a secondary growth, because no sign of missing iron is found in the biotite. In addition, no sign of magnetite growth under the Curie temperature is observed. These observations thus indicate magnetite related TRM as a carrier of magnetization in the dolerite rocks. Further investigations of the magnetic grain growth in volcanic rocks are needed to resolve this issue properly; however, it is out of scope for this study.
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T H E L L I E R ' S E X P E R I M E N T S
Method
Coe-modified Thellier's palaeointensity experiments (Coe 1967) with pTRM checks were made on 35 samples. These samples were divided in to four sets. First set of seven pilot specimens was heated in air, and a field of 20 μT was applied along x-axis in the laboratory. Heating steps of 150, 250, 350, 450, 490, 510, 520, 530, 537, 544, 551, 558, 565, 575 and 590 • C were decided on the basis of thermal demagnetization behaviour. In order to monitor an alteration during heating (if any), pTRM checks were performed at every alternative-heating step. Second and third sets of samples (seven in each set) were heated in vacuum condition (∼5 Pa). In order to diminish any chance of thermal alteration, number of heating steps was reduced. Keeping in view the results from first set, heating steps of 250, 450, 500, 515, 530, 540, 550, 560, 570, 580 and 590 • C were chosen. Here, a pTRM check was performed at every alternative or third heating step. In order to observe the influence of field variation on intensity estimation, fields of 10 and 15 μT were applied to samples of second and third sets, respectively. For second and third sets, different pTRM steps were chosen, while magnetic field was applied along z-axis. The applied field was approximately perpendicular to the NRM direction, which was almost horizontal in sample coordinate.
The remaining 14 samples from fourth set were heated in air with applied field of 15 μT. Direction of the applied field was decided with respect to the NRM direction of each sample. In case of six samples, field parallel to NRM direction was applied, while for four other samples antiparallel field was applied. For the remaining four samples, field perpendicular to NRM direction was applied. Heating steps of 250, 450, 500, 515, 530, 540, 550, 560, 566, 572 and 578 • C were used. The method of tail checks (Riisager & Riisager 2001) was performed, where at some temperatures (e.g. 530, 560 and 572
• C) pTRM was again demagnetized in zero field up to a temperature level at which its acquisition was made. Remanence after the first demagnetization step [NRM (Ti)] was then compared with those observed after each repeated demagnetization step [NRMre (Ti)]. Ideally, the first and repeated zero field demagnetization up to the same temperature level should result in the same remaining
Specimens from second to fourth sets, which were mostly taken from block samples 871 and 872, exhibit more successful results of pTRM check. Magnetic susceptibility at room temperature was monitored after each heating step.
Reliability criteria
Palaeointensity data were analysed using the ARAI plot (Nagata et al. 1963) . Criteria listed below were used to assess the quality of experimental data.
(1) Temperature range of the linear fit has to match that of the characteristic component identified during thermal demagnetization experiments. Furthermore, the characteristic direction obtained by Thellier experiments should be within 15
• to that obtained through demagnetization procedure in zero-field.
(2) The MAD value (Kirschvink 1980) for selected data should be lower than 10
• . (3) A minimum requirement of four data points should be fulfilled for a linear fit.
(4) Correlation coefficient of the segment should be larger than 0.98.
(5) A pTRM test should give a positive result for linear segment within 5 per cent of the total TRM (original TRM).
(6) At least 30 per cent of the NRM (f-fraction) has to be covered by a linear fit.
(7) Change in magnetic susceptibility should be less than 20 per cent of the original value for a temperature range of the linear segment on Arai plots.
Results
Fourteen out of thirty-five samples passed the above-mentioned criteria. Results of the palaeointensity experiments with corresponding parameters are listed in Table 3, while have been tested during the experiments, scatter in palaeointensities appeared to be fairly small.
Most of the reliable results have been obtained from a block sample GP87. Specimens from samples GP81 and GP82 failed the pTRM check test, because the TRM value increases significantly at about 400
• C (Fig. 13d) . This type of behaviour may indicate an alteration in magnetic mineralogy, although no sign of such a behaviour has been observed during the rock magnetic experiments. Difference in magnetic characteristics between these samples (GP81, GP82 and GP87) may be due to a variation in sampling localities. Results obtained under air (1st and 4th sets) and vacuum conditions (second and third sets) are not significantly different.
In some samples, the demagnetization paths don't follow a straightforward decay to the origin, and laboratory induced TRM could not be completely demagnetized. Using the method of and Tanaka & Kobayashi (2003) , a difference angle 'θ' between the principal component (corresponding to the selected linear segment) and the direction of the mass centre is calculated. Out of fourteen reliable samples, we have chosen another data set of nine samples that have θ value less than 15
• . These nine samples fulfil the grade-A level criteria of Tauxe & Staudigel (2004) . Mean palaeointensity of this data set (13.6 ± 2.9 μT) is not significantly different from that of fourteen samples (13.9±2.5 μT). Mean palaeointensity (13.4 μT) calculated from samples with much smaller θ value (<8
• ) is also not significantly different from this value of 13.9 ± 2.5 μT. Moreover, another mean value (13.9 μT) obtained from only three samples using more strict criteria of data selection (Kissel & Laj 2004 ) is also in agreement with that from fourteen samples. This type of behaviour clearly indicates that no large shift in intensity value is observed as a result of variation in θ value or selection criteria. As mentioned above, an uncleaned part of the TRM may be due the presence of MD grains in the studied samples. Day plots of hysteresis experiments for representative samples indicate a PSD character (Day et al. 1977) , however, a zone of PSD grains has been interpreted as a mixture of MD and SD grains (Dunlop 2002) . In order to evaluate the effects of tail on the remaining TRM, results from pTRM-tail check of fourth experiment are examined here. The pTRM tails from MD grains take a maximum value when laboratory induced field direction is antiparallel to the NRM direction (e.g. Yu & Dunlop 2003) . As shown in Figs 14(c) and (d), the tail [NRMre (Ti)] -[NRM (Ti)] obtained from the sample with antiparallel field is still less than 10 per cent of the initial intensity (before demagnetization). Although, reliability of intensity data from samples with perpendicular field is questionable because of unsuccessful pTRM check, we have calculated tail parameter normalized to NRM (δτ * ; Leonhardt et al. 2004) , where δτ * value is 2.6 and 4.2 for antiparallel field and 2.9 and 2.6 for perpendicular field (two samples). These δτ * values are reasonably small, indicating that the influence of MD grains is not high enough to produce significant bias in the intensity results. Notes: Fl, laboratory field strength; field direction, direction of the laboratory field [x-, y-, z-axis direction of the sample frame; parallel (antiparallel), parallel (antiparallel direction to the NRM of rock samples)]; set, sample sets of experiments; furnace, atmosphere in the furnace; TR, temperature range for the linear segment; n, number of data point included in the linear regression; b, slope of the segment; σ b, standard error of b; r, correlation coefficient of the linear relationship; f , g, q, quality parameters after Coe et al. (1978) ; θ , different angle of the selected NRM component from the origin on the orthogonal plot after Tanaka et al. (2003) ; MAD, quality parameter of the linearity after Kirschvink (1980) ; F, F, palaeointensity and its standard error. a Samples which pass θ < 8 • criteria. b Samples which pass θ < 15 • criteria. c Samples which pass the criteria of Kissel & Laj (2004) . In order to further investigate the effects of MD grains on intensity, results of the Thellier experiments from fourth set have been simulated with computer generated phenomenological numerical model (Biggin 2006) . His parameters of the typical MD samples (ms = 1, α 1 = 1, α 2 = 0.8, α 3 = 0.8, α 4 = −0.35 and λ = 0.2) are used here. Experimental procedures and applied field direction with respect to NRM direction are chosen according to the experiments of our fourth set. Intensities of fields used for imparting NRM (H nrm ) and for partial remagnetization treatment (H lab ) are set to be compatible. Models produced through Arai plots exhibit a concave shape feature (Fig. 15) . Palaeointensity value calculated from the left side of the Arai plot is larger than the ideal value. A slope calculated for six points is 1.18 for parallel experiment and 1.28 for antiparallel experiment, while the value of ideal SD grain has to be 1.0. A concave shape spectra obtained from our Thellier results may be partly due to the effect of MD grain, although large TRM value above 560
• C seems to have resulted from thermally induced alteration as judged from the failure of pTRM check. A difference in calculated intensities between the MD model and that of the ideal value is larger when field is applied antiparallel to the NRM direction. In our case, three intensity values from parallel field experiments are about 30 per cent lower than those obtained from antiparallel experiments. Although, the number of samples is not fair enough to clearly project this distinction, a difference in intensity values with respect to field directions may be due to pTRM-tail. In this connection, a mathematical model by Yu et al. (2004) also indicates a difference in intensity values with changing field direction.
The mean intensity obtained from 14 samples (13.9 ± 2.5 μT) is significantly smaller than that of the present-day Earth's field in the study area (55.2 μT; IGRF 2005) . A simulation based numerical model suggests that the effect of MD grain would tend to make palaeointensity higher. If true, an intensity value of 13.9 μT from this study may also include some overestimation. It is therefore concluded that rather small value of palaeointensity was the characteristic of geomagnetic field at the time of dyke intrusion in the study area. As reported by Biggin et al. (2007) , variation in cooling rate might cause an underestimation of palaeointensity in the non-SD material. However, samples used for this study have been collected from the margin of the dyke, which is spread over a limited zone of several 10s m wide. As a result, the effects of cooling rate variation on our samples seem to be negligible. Macouin et al. (2003) have also found no influence of cooling rate variation on 250-m-wide Proterozoic mafic dyke.
D I S C U S S I O N A N D I N T E R P R E TAT I O N
Age of the dolerite dykes
Evidence of dyke penetration through a boundary between the Akila and Akulleq terranes clearly indicates that intrusion of dolerite took place after the amalgamation of the Archaean terranes. The time of this assembly has been estimated by Friend et al. (1996) using the SHRIMP U-Pb zircon geochronology. An oldest geological event experienced by all three terranes in this area is the high-grade metamorphism, which has been dated at ∼2720 Ma using the zircon results (Friend et al. 1996) . The process of amalgamation for these terranes has been placed just before the commencement of this metamorphic event. An estimated time for dyke intrusion (2585 ± 21 Ma) obtained from 40 Ar/ 39 Ar results (this study) is fairly consistent with the above-mentioned interpretation. Lack of metamorphic features in the studied dykes suggests that no significant geological event (including metamorphism) has occurred after the process of dyke intrusion. These informations therefore suggest that amalgamation of the cratonic terranes and the process of high-grade metamorphism (∼2720 Ma) were followed by an intrusion of the studied dyke. K-Ar ages of 2707 ± 76 Ma and 2796 ± 72 Ma (mean: 2752 Ma) have also been reported (Morimoto et al. 1997 ) from another dolerite dyke in the Nuuk town, about 15 km north of this study area. This large window of ages from Nuuk area may suggest Study of the Proterozoic dolerite dyke 31 a continuation of dolerite intrusions for fairly long period of time after the completion of amalgamation. However, additional data are needed to fully understand these processes in such old Precambrian rocks. K-Ar dating of 2796 Ma by Morimoto et al. (1997) , which is clearly older than the age of metamorphism (at 2720 Ma) in the study area, can be considered as over estimation.
Palaeomagnetic direction
Palaeomagnetic pole obtained from the here studied dolerite dyke (Fig. 16) is compared with the Archaean to early Proterozoic poles of the Laurentia. Since, the dolerite dyke has vertically intruded the host gneisses; it is presumed that no significant tilting of the studied rocks has occurred since their intrusion. A palaeomagnetic pole position is calculated after rotating Greenland by 18
• back to North America about the Euler pole of 70.5
• N, 94.4
• W (Bullard et al. 1965) . A palaeomagnetic pole obtained from the dyke samples (31.6
• N and 92.9
• W) give a position close enough to other Early Proterozoic poles from Laurentia. Pole position from this study is also close to a pole reported by Morimoto et al. (1997) from another dolerite dyke in the Nuuk area. Since, pole position from single dyke could be influenced by secular variation and/or local rotation; it may not be taken as a representative of palaeomagnetic pole. In order to ascertain whether the characteristic component from dyke samples is of primary or secondary origin, we compared the corresponding pole with the latest APWPs of Laurentia, that is, the Proterozoic APWP (Borradaile et al. 2003) and the Phanerozoic APWP (McElhinny & McFadden 2000) . The here obtained pole position from dolerite dyke (both before and after rotating back) present no agreement with any of these APWPs. This divergence in pole positions thus supports a primary origin for magnetization in the dyke samples.
Palaeointensity
Rather small palaeointensity is the characteristic of the dolerite dyke. A virtual dipole moment (VDM) calculated from mean palaeointensity and the observed mean inclination (+62.6
• ) is 2.30 ± 0.42 × 10 22 Am 2 , which is about one quarter of the presentday Earth's field intensity.
According to previously reported results, it has been suggested that some of the low VDM values during the Proterozoic era may be due to the influence of thermochemical remanent magnetization (TCRM; Smirnov & Tarduno 2005) . Based on this idea, a characteristic component obtained from the Matachewan Dyke swarm (about 2.5 Ga old) has been ascribed as a TCRM. They have estimated intensity of this TCRM from a narrow temperature range (between 520 and 580
• C), which is about 25 per cent of the true TRM intensity. A temperature range of ∼450 to 580
• C for the ChRM component in this study is fairly broader than the one reported from the Matachewan dyke. Although, the VDM values from both these data sets are almost similar, intensity value from this study is regarded as that of the TRM rather than TCRM.
Low VDM value, rather than a secular variation, appears to be a characteristic of the Earth's magnetic field at 2.6-2.7 Ga. Almost similar VDM value of about 1.9 ± 0.6 × 10 22 Am 2 has also been reported from another Archaean dyke in the study area (Morimoto et al. 1997) . A difference between the present-day VDM and those obtained from two dykes is too large to be explained by any significant event in terms of secular variation. Our new data preciously assign this low VDM value to a period much before the 2.5 Ga. Availability of reliable palaeointensity data prior to 2.5 Ga is very limited. Fig. 17 shows only those ArchaeanProterozoic VDM data that passed a criteria of Macouin et al. (2006) , including a double heating technique with pTRM checks. Macouin et al. (2006) together with results from this study. The summarized data are from Morimoto et al. (1997) , Yoshihara & Hamano (2000 , , Sumita et al. (2001) , Yu & Dunlop (2001 , 2002 Smirov et al (2003) , Macouin et al. (2003) , Halls et al. (2004) , Macouin et al. (2006) , McArde et al. (2004) , Thomas & Piper (1995) and Biggin et al. (2009) A type of data recognized as a primary TRM with low intensity value (less than 3 × 10 22 Am 2 ) at or before 2631 Ma VDM peak (Yoshihara & Hamano 2000) is only available from two areas of Greenland (this study and that of Morimoto et al. 1997) . The oldest data with low VDM value is only reported from 3.5 Ga komatiite, however, their source of acquisition has been declared as a CRM (Yoshihara & Hamano 2004) . A VDM record between 3.5 and 2.7 Ga is still lacking. In fact, data from Greenland seems to be the only available option that documents record of ancient geomagnetic field prior to the onset of modern geodynamo, which has been reported to be instigated by a nucleation of solid inner core before the Early Proterozoic (Hale 1987 , Smirnov et al. 2003 .
Low VDM values have also been reported from the middle Proterozoic rocks. As compared to present-day geomagnetic field, a mean VDM value reported by Macouin et al. (2006) from Precambrian rocks (3.1 × 10 22 Am 2 ) is obviously lower in strength. An intensity of the Earth's magnetic field has increased by a factor of 4 between 2.7 and 2.5 Ga (during a period of 200 Myr). The strength of VDM similar to that of the present-day field has been observed around 2.5 Ga (Yoshihara & Hamano 2000; Smirnov et al. 2003) . Breuer & Spohn (1995) have suggested a flush instability in the mantle convection around the Archaean-Proterozoic transition. Relatively high strength of geomagnetic field around 2.5 Ga might have occurred as a result of this flush instability rather than a record of nucleation in the inner core.
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